The ground state geometries and associated normal mode frequencies of the classical and nonclassical protonated acetylene ion, i.e., the vinyl cation C 2 H 3 + , are computed using the complete active space self-consistent field and improved virtual orbital ͑IVO͒ complete active space configuration interaction methods. In addition, the minimum-energy reaction path for the classical to nonclassical interconversion is determined ͑as are excitation energies͒ using the IVO modification of multireference Møller-Plesset ͑MRMP͒ perturbation theory. The IVO-MRMP treatment predicts the nonclassical structure to be 4.8 kcal/ mol more stable than the classical one, which is consistent with other high level theoretical estimates. The proton affinity of acetylene from the IVO-MRMP treatment ͑154.8 kcal/ mol͒ also agrees well with experiment ͑153.3 kcal/ mol͒ and with earlier CASPT2 calculations ͑154.8 kcal/ mol͒. We further report geometries and vibrational frequencies of low lying excited states of C 2 H 3 + , which have not been observed and/or studied before. Comparisons with previous highly correlated calculations further demonstrate the computational efficiency of the IVO-MRPT methods.
I. INTRODUCTION
The vinyl cation C 2 H 3 + is of interest in many different areas of chemistry, [1] [2] [3] [4] [5] [6] [7] including astrochemistry. 8 Ab initio calculations 5 predict the vinyl cation as existing in two isomeric forms, a Y-shaped linear ͑classical͒ structure and a bridged ͑nonclassical͒ structure. Extensive theoretical and experimental studies to determine the relative stability of these two isomers conclude that the bridged shaped ͑nonclas-sical͒ structure is more stable than the Y-shaped ͑classical͒ one. Thus, the global minimum on the potential energy surface of C 2 H 3 + corresponds to the nonclassical structure. Although correlated ab initio many-body calculations 3, [9] [10] [11] [12] [13] [14] and infrared spectroscopic measurements 6, 7 unambiguously favor the bridged structure as the more stable isomer, theoretical estimates of the energy difference between these two isomers range from 0.7 kcal/ mol ͑Ref. 9͒ to 4.5 kcal/ mol. 11 Sharma et al. 15 and Psciuk et al. 14 summarize the normal mode frequencies of C 2 H 3 + isomers from computations using various ab initio many-body methods, including state-of-theart coupled cluster calculations with singly and doubly excited clusters ͑CCSD͒. Second order perturbation theory 10, 16 ͑MP2͒ predicts that the vibrational frequency for the lowest mode of classical structure is imaginary, i.e., that the Y-shaped linear structure is not a stable conformer. Likewise, several discrepancies exist between the theoretically predicted geometries.
While a plethora of information is available for the ground state of vinyl cation, including high quality estimates for its equilibrium geometry and vibrational frequencies, information regarding the excited state͑s͒ is very limited. To our knowledge, only two vertical excitation energy calculations for this system are available using multireference configuration interaction with double excitations ͑MRD-CI͒ methods. 17, 18 Moreover, these calculations assume a C 2v point group symmetry for the nonclassical structure instead of the correct C s symmetry and, hence, are not very reliable.
In the present work, we compute the ground and excited state geometries of the C 2 H 3 + ion and the related spectroscopic constants. Vibrational frequencies of the ground and excited states are real, thereby supporting the reliability of the predicted geometries in contrast to prior treatments with imaginary frequencies. We also study the classical↔ nonclassical minimum-energy reaction path as a function of the pseudointernal rotation angle. Calculations are also described for the potential energy curves ͑PECs͒ for both possible paths for the protonation of acetylene. The paths either involve protonation of the terminal carbon atom ͑producing the Y-shaped classical vinyl cation͒ or protonation of the center of the C u C bond ͑producing the bridged structure͒. Section II briefly describes the theoretical methods applied here, while Sec. III summarizes the numerical results, presenting the geometries, normal mode frequencies, relative stabilities of the isomers, and transition energies. The PEC for protonation of acetylene and the nonclassical↔ classical minimum-energy reaction path in the ground state are discussed in Sec. IV. Comparisons with MRCI and CC calculations further establish the computational efficiency of the IVO-MRPT methods used here for ground and excited states. 
II. THEORY
The coupled cluster 19 ͑CC͒ formulation of the equation-of-motion 20, 21 ͑EOM͒ method or the related linear response theory 22 ͑LRT͒ are widely used approaches for accurate electronic structure calculations. A great promise of these approaches arises because they directly evaluate energy differences and because the excitation energies scale properly in the noninteracting limit, so these methods are size extensive, 23 a crucial property for accurately determining state energies, bond cleavage energies, and related spectroscopic constants. Several applications exhibit the utility and strength of the EOM-CC/CCLRT method at the EOM-CCSD level ͑EOM coupled cluster theory with singles and double excitations͒. However, the use in CC schemes of a single determinantal reference function inhibits their application to bond breaking and curve crossing regions because these single reference approaches are incapable of providing accurate descriptions for states in quasidegenerate regions. Moreover, although the EOM-CCSD and its variants 24 are capable, in principle, of providing accurate estimates for transition energies and related properties, their computational expense limits their use to small molecular systems.
Multireference ͑MR͒ perturbation approaches, on the other hand, describe nondynamical electron correlation simply by using a small reference space containing reference functions that can adequately represent the quasidegeneracy, while dynamical electron correlation is introduced using MR-perturbation ͑MRPT͒ schemes. When applied to computing potential energy surfaces, some MRPT methods that are based on effective Hamiltonians are often plagued by ubiquitous intruder state problems, 25 thereby seriously limiting their viability for global potential surfaces. Among several recent attempts at devising a chemically accurate MRPT approach [26] [27] [28] [29] [30] [31] [32] for computing smooth potential surfaces, the most promising MRPT methods include those based on the use of a zeroth order multireference self-consistent field ͑MCSCF͒ or complete-active-space configuration interaction ͑CASCI͒ approximation, namely, the H v , 26 MRMP, 27 MCQDPT, 28 CASPT2, 29 MRMP using APSG, 30 CIPSI, 31 etc., methods. Recently, we have proposed a computationally inexpensive version of MRMP/MCQDPT in which the first order reference functions are generated from the improved virtual orbital complete active space configuration interaction ͑IVO-CASCI͒ method [33] [34] [35] [36] [37] and then are used in subsequent MR perturbation calculations. The IVO-CASCI scheme is computationally simpler than CI-singles ͑CIS͒ and complete active space SCF ͑CASSCF͒ methods. The latter arises because the IVO-CASCI calculations do not involve iterations beyond those in the initial SCF calculation, nor do they possess features that create convergence difficulties with increasing size of the CAS in CASCI calculations. Since the IVO-CASCI approach contains both singly and doubly excited configurations in the CAS ͑in addition to higher order excitations͒, it provides descriptions of both singly and doubly excited states with comparable accuracy to CASSCF treatments. The latter contrasts with the CIS method which cannot treat doubly excited states. Thus, the main computational advantages of our new developed IVO-MCQDPT approach over the traditional MCQDPT method are ͑i͒ the absence of iterations beyond those in the initial SCF calculation and ͑ii͒ the lack of convergence difficulties from intruder states 25 that plague CASSCF calculations with increasing size of the CAS.
III. RESULTS AND DISCUSSION
The ground state electronic configurations of the classical and nonclassical vinyl cations are ͓1-5͔a 1 ͑2͒1b 1 ͑2͒1b 2 ͑2͒͑X
1 A 1 ͒ and ͓1-6͔aЈ͑2͒aЉ͑2͒ ϫ͑X 1 AЈ͒, respectively. The structural parameters for the ground and excited states of the vinyl cation are determined from CASSCF calculations with 10 active electrons and 12 active orbitals using the DALTON ͑Ref. 38͒ package, whereas the ground and excited state energies are computed using the IVO-CASCI formulation of the MCQDPT method ͑IVO-MCQDPT͒ that is now interfaced to GAMESS package. 39 Unless otherwise mentioned, no orbitals are frozen in these calculations.
A. Geometries
Because geometries and normal mode frequencies critically depend on the basis set, the reliability of our predicted geometries and normal mode frequencies is ensured by performing the CASSCF geometry optimization with basis sets of increasing size. Table I presents the structural parameters and vibrational frequencies for the ground X 1 A 1 state of classical C 2 H 3 + from ͑10e ,12v͒ CASSCF calculations with aug-cc-pVDZ ͑Ref. 40͒ ͑ACCD͒, cc-pVTZ ͑Ref. 40͒ ͑CCT͒, atomic natural orbital 41 ͑ANO͒, and aug-cc-pVTZ ͑Ref. 40͒ ͑ACCT͒ basis sets. As observed from Table I, the C u H and C u C bond lengths decrease by 0.07 and 0.017 Å, respectively, when proceeding from the aug-cc-pVDZ to the augcc-pVTZ basis sets. Further improvement of the basis set to the ANO/aug-cc-pVTZ set merely alters the frequencies by a few cm −1 , indicating that the computed bond lengths, bond angles, and the normal mode frequencies are fairly well converged with the CASSCF/CCT treatment. Nevertheless, all the calculations reported in subsequent tables are performed with the aug-cc-pVTZ basis for quality assurance.
Optimized ground state geometries of classical and nonclassical C 2 H 3 + from various ab initio many-body methods are presented in Table II for comparison. The present CASSCF calculations are performed with 161 contracted Gaussians ͑aug-cc-PVTZ͒, whereas Lindh et al. 3 use around 100 contracted Gaussian orbitals ͑CGTOs͒ ͑ANO͒. On the other hand, the CAS space used by Lindh et al. is much bigger than the present one. We further emphasize that the earlier CASSCF reports the structural parameters but not the normal mode frequencies which are equally relevant in judging their reliability.
As can be seen in Table II , the SCF geometry optimization for the nonclassical structure yields too short a C u C bond to form a bridge structure. According to SCF calculations, the protonation of acetylene ͑giving rise to the nonclassical structure͒ increases the C u C bond by only 0.01 Å. The SCF-CI calculations estimate the C u C bond for classical C 2 H 3 + to be 1.275 Å, whereas all other calculations except MP2 predict this C u C bond to be 1.26 Å. Moreover, MP2 calculations yield an imaginary-normal mode frequency for the classical structure ͑see Table III͒, which clearly indicates that MP2 optimized structure 10 for the classical C 2 H 3 + is not stable. Table II exhibits some striking difference in the computed C u H bond lengths from various schemes, namely, ͑a͒ the present CASSCF calculations for the classical structure yield the C 2 u H 3 bond as 0.037 Å shorter than the C 1 u H 2 bond, whereas SCF, 17 SCF-CI, 9 CASSCF, 3 CCSD, 14 and MP2 calculations estimate the difference between these two bonds to be 0.011, 0.009, 0.018, 0.015, and 0.017 Å, respectively; ͑b͒ all calculations except the CASSCF/ACCT ͑the present one͒ predict the C 2 u H 3 and C 1 u H 2 bond lengths to be equal, ͑c͒ the IVO-CASCI method estimates of the structural parameters for the nonclassical C 2 H 3 + ion are reasonably close to other theoretical values; however, the method predicts equal bond lengths for the C 2 u H 3 and C 1 u H 2 bonds of the classical structure. It is also interesting to compare the ion geometries with that of acetylene to understand the changes occurring on protonation of acetylene. The CASSCF/aug-cc-pVTZ geometry optimization provides the C u C and C u H bonds of acetylene as 1.19 and 1.05 Å, respectively, close to the corresponding experimental values 42 of 1.20 and 1.06 Å. The numerical results presented in Table II indicate the following: ͑a͒ protonation of acetylene proceeds by weakening and lengthing of the C u C bond due to partial population of the * orbital; ͑b͒ the C u C bond length of acetylene is increased by 0.03 Å ͑0.06 Å͒ during protonation, producing the nonclassical ͑classical͒ structure; ͑c͒ the C 1 u H 2 bonds ͑see Fig. 1͒ are increased by an equal amount ͑except for the ͑10e ,12v͒ CASSCF calculations͒ during the perpendicular protonation of acetylene ͑as anticipated͒; and ͑d͒ the inclusion of electron correlation increases the C u H bond lengths. 
B. Normal mode frequencies
The normal mode frequencies for the ground state of classical and nonclassical C 2 H 3 + are compared with those published by Sharma et al., 15 Psciuk et al., 14 Lee et al., 9 and by Lindh et al. 10 in Table III Since the methods and basis sets differ between the calculations, the vibrational frequencies in Table III are not expected to be identical but should be similar. Our MP2/aug-cc-pVTZ fundamental frequencies in Table III agree with those obtained from MP2 / DZ+ P calculation 10 to within 15 cm −1 , except for the lowest mode of the classical C 2 H 3 + . However, this agreement is anticipated because both calculations use the same MP2 method and because our basis set comparison indicates that both bases are sufficient. It is important to note that MP2 / DZ+ P, 10 MP2 / 6-311+ G͑2d ,2p͒, 16 MP2 / 6-311 +G͑d , p͒, and MP2 / 6-311+ G͑3df ,2pd͒ ͑Ref. 14͒ calculations predict an imaginary frequency for mode 9 , whereas all of our frequencies from MP2 calculations are real. Table III further demonstrates the good agreement between the frequencies from the MP2/aug-cc-pVTZ and CCSD/aug-cc-pVTZ calculations, except for the lowest mode of classical C 2 H 3 + . The frequencies from CASSCF/aug- 
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cc-pVTZ calculations agree favorably with those from the CCSD/aug-cc-pVTZ and MP2/aug-cc-pVTZ treatments ͑ex-cept for 8 , which is imaginary in two cases and quite different in one͒.
C. Relative stability and vertical excitation energies
Table V presents our calculations for the difference between the minimum energies of the classical and nonclassical isomers. It is evident from Table V that the inclusion of electron correlation ͑MP2 and IVO-MRPT͒ stabilizes the nonclassical structure with respect to the classical one. Several prior calculations exist for the stability of the nonclassical structure with respect to the classical isomer. For example, the coupled electron pair approximation ͑CEPA͒ calculations of Lischka and Köhler 13 predict the nonclassical structure to be 4.0 kcal/ mol more stable than the classical one, and the MP2-R12 ͑MP2 with linear r 12 -terms͒ calculations of Klopper and Kutzenligg 11 estimate this gap to be 4.5 kcal/ mol. The MP2 and MP4 calculations of Lindh et al. 10 and Raghavachari et al., 12 as well as very recent CCSD͑T͒ calculations of Psciuk et al., 14 also favor the bridged over the classical structure. The present estimate of the relative stability ͑4.8 kcal/ mol͒ agrees well with most previous quantum mechanical calculations, except the MP2/aug-cc-pVTZ and MP2 / 6-311+ G͑2d ,2f͒ treatments that predict a much higher gap.
We have also computed the proton affinity of acetylene, i.e., the binding energy of the proton in the C 2 H 3 + ion, as 154.8 kcal/ mol, which is in excellent agreement with experiment ͑153.3 kcal/ mol͒ ͑Ref. 43͒ and with an earlier CEPA estimate of 154.8 kcal/ mol by Lindh et al. 3 The vertical excitation energies ͑VEEs͒ of C 2 H 3 computed using the IVO-MCQDPT method are compared with the EOM-CCSD and MRD-CI ͑Ref. 18͒ approaches in Table  VI . C 2v labels are used for convenience, but calculations for non-classical ion are made for C s geometry of Table II . Vertical excitation energies of C s H 3 + have first been reported by Weber et al. 17 ͑SCF͒ and later by Gianturco and Schneider ͑MRDCI͒. 18 The VEEs from the IVO-MCQDPT method agree with the EOM-CCSD and MRD-CI ͑Ref. 18͒ treatments for both structures, but considerably less computer time is required. The X 1 AЈ-1 3 AЉ adiabatic transition energy is provided in parentheses, and the optimized geometry and normal mode frequencies for the 1 3 AЉ excited state of the nonclassical isomer are given in Table IV .
IV. POTENTIAL ENERGY CURVES
Escribano and Bunker 44 have proposed a pseudointernal rotation angle that serves to interconvert between the minima for the two isomeric structures. Sharma et al. and Psciuk et al. employed this reaction path in their calculations of the PEC for the interconversion. We also use the reaction path, but for simplicity the geometry is not optimized for each pseudointernal rotation angle . Figure 2 depicts the PEC for the minimum-energy reaction path for the nonclassical↔ classical C 2 H 3 + interconversion as a function of pseudointernal rotation angle , where = 0 corresponds to the classical structure and = 30 to the nonclassical isomer. The figure also presents the PEC obtained for two different values of R͑C 1 u H 1 ͒. Figure 2 exhibits the potential energy as reaching a global minimum at = 30 for R͑C 1 H 1 ͒ = 1.104 Å. However, as the C 1 u H 2 bond increases to 1.094 Å, both the nonclassical and classical structures become equally stable, and for R͑C 1 H 1 ͒ = 1.084 Å, the classical structure becomes the most stable isotope. Although we have not optimized the geometry for each , the figure still demonstrates the qualitatively correct picture. The present estimate ϳ0.4 kcal/ mol of the barrier height ͑with respect to the classical geometry͒ along the reaction path agrees fairly well with CEPA calculations of Lindh et al. 3 but deviates by Ϯ0.3 kcal/ mol from MRCI ͑Ref. 3͒ ͑0.7 kcal/ mol͒ and CCSD ͑Ref. 14͒ ͑0.11 kcal/ mol͒ values. Figure 3 Figure 4 depicts the PEC curves for the protonation of acetylene along a perpendicular path to the nonclassical isomer and along a lateral path to the classical structure. The greater stability of the bridged structure ͑nonclassical͒ than the classical one is reflected in the PECs for the protonation of acetylene as function of the acetylene-H + separation where the dissociation energy for nonclassical C 2 H 3 + is less than that required for the classical structure.
V. CONCLUDING REMARKS
Theoretical calculations using the CASSCF and our recently proposed IVO-CASCI based MRMP/MCQDPT method provide the following conclusions.
͑a͒ The CASSCF optimized geometrical parameters and normal mode frequencies of the vinyl cation agree fairly well with previous high level theoretical values. The calculation further supports the predicted existence of a stable excited state of the vinyl cation. ͑b͒ The geometries obtained from the computationally inexpensive IVO-CASCI procedure agree well with available theoretical data. ͑c͒ The relative stability and proton affinity determined from IVO-MRMP and CCSD calculations accord well with earlier calculations, and our computed proton affinity for acetylene ͑154.8 kcal/ mol͒ is in agreement with the experiment value of 153.3 kcal/ mol. ͑d͒ The low lying vertical excitation energies from the IVO-MCQDPT treatment are in accord with the stateof-the-art CCSD and previous high level theory. ͑e͒ The present calculations further demonstrate that the IVO-MRMP method is capable of providing reliable energies even for complicated systems. We further emphasize that IVO-CASCI and IVO-MRMP/MCQDPT methods are highly cost effective compared to other sophisticated electronic structure theories. The IVO-CASCI ͑numerical derivative͒ geometry optimization takes only 3 4 of the time that required for CASSCF geometry optimization, and significant additional speed enhancement will accrue from analytical derivative methods under development. ͑f͒ The present study reports the geometries and vibrational frequencies for the low lying excited state of C 2 H 3 + , which to our knowledge have not been studied or observed before. However, the favorable agreement of our predicted geometries and spectroscopic constants for ground states of C 2 H 3 + with highly correlated theoretical data suggest that the our computed spectro- 
